. Effects of salinity build-up on biomass characteristics and trace organic chemical removal: Implications on the development of high retention membrane bioreactors. Bioresource Technology, 177 274-281.
RESEARCH HIGHLIGHTS
o
Introduction
Fresh water scarcity in many parts of the world is a significant concern (Elimelech and Phillip, 2011 ). This issue is further exacerbated by population growth, urbanisation, environmental pollution, and climate change. As a result, over the last few decades, there have been many dedicated efforts to develop and improve treatment processes that utilize alternative water sources including wastewater in order to augment water supply and alleviate water stress. A notable treatment process is membrane bioreactor (MBR) which integrates membrane filtration with the conventional activated sludge (CAS) treatment technology.
MBRs can offer a better quality effluent and a lower sludge production, but with a much smaller physical footprint in comparison to CAS processes (Hai et al., 2014) . Thus, the MBR system has been widely recognised as a preferable alternative, especially in water reuse applications where high effluent quality is required. (Choi et al., 2002) . In these systems, forward osmosis, membrane distillation and nanofiltration are employed as the high retention membrane process. These membranes have high rejection capability and can effectively retain small and/or persistent TrOCs, thus prolonging their retention time in the bioreactors for further biodegradation. As a result, HR-MBRs can be considered as a reliable technique to produce high quality effluent for potable water reuse or direct effluent discharge in sensitive areas.
The rejection of colloidal particles and certain dissolved substances by high retention membranes allows HR-MBRs to produce high quality effluent. But, this can also result in the build-up of salinity in the bioreactor (Lay et al., 2010; Luo et al., 2014a) . Salinity build-up is expected for all HR-MBR types but can be more severe for OMBRs due to the reverse diffusion of draw solutes. In addition, high and/or varying wastewater salinity also presents a challenge to biological treatment such as coastal sewers subjected to infiltration of seawater or discharges from individual high salinity processes (e.g. seafood and cheese manufactures). This study aimed to investigate the effects of salinity build-up (up to 16.5 g NaCl/L) on the removal of TrOCs and biomass properties during MBR treatment. These will have important implications for understanding and management of salinity build-up in HR-MBRs during wastewater treatment. The basic performance of MBR at elevated salinity was also examined in terms of organic and nutrient removals as well as membrane fouling propensity.
Materials and methods

Trace organic chemicals
A set of 31 TrOCs was selected in this study based on their widespread occurrence in raw sewage and/or sewage-impacted water bodies as well as their diverse physicochemical properties, such as hydrophobicity and molecular structure (Supplementary Data, Table S1 ).
These compounds represent four major groups of chemicals of emerging concern, including pharmaceutical and personal care products, endocrine disrupting chemicals, pesticides, and industrial chemicals. A stock solution containing all 31 TrOCs was prepared in pure methanol at a concentration of 25 mg/mL of each chemical and stored at -18 °C in the dark. The stock solution was used within less than a month or else discarded.
MBR set-up
In this study, two parallel lab-scale MBR systems, namely control-and saline-MBRs 
Experimental protocol
Synthetic wastewater (Supplementary Data, Table S2 ) was used in this study to simulate 
Analytical methods
Analysis of basic water quality parameters
Total organic carbon (TOC) and total nitrogen (TN) were analysed using a TOC/TN-V CSH analyser (Shimadzu, Japan 
Analysis of biomass characteristics
Soluble microbial product (SMP) and extracellular polymeric substances (EPS) were 
Analysis of trace organic chemicals
The influent and effluent TrOC concentrations were determined using an analytical method previously reported by Hai et al. (2011) . This method consisted of the solid phased extraction (SPE), derivation, and quantitative determination by a gas chromatography-mass spectrometry (GC-MS) system (QP5000, Shimadzu, Japan). The removal efficiency during MBR treatment was calculated as:
where C Inf and C Eff are the influent and effluent TrOC concentrations, respectively.
TrOCs adsorbed on the sludge were extracted by a solvent extraction method described by Wijekoon et al. (2013) . The sludge samples were freeze-dried using a Freeze Dryer (Alpha 1-2 LD plfx, Christ GmbH, Germany) and then ground to powder. The sludge powder was subjected to ultrasonic solvent extraction with methanol and a blend of methanol and dichloromethane (1:1, v/v). Subsequently, the extracted solution was diluted to 500 mL with Milli-Q water for SPE and then analysed by a GC-MS system as described above. The TrOC concentrations in the sludge were expressed as nanogram TrOC per gram of dry sludge.
Results and discussion
Basic performance
Organic and nutrient removal
The removal of TOC by the control-MBR was high and stable at approximately 99% over the experimental period (Fig. 1a) . On the other hand, the TOC removal by the saline-MBR fluctuated slightly as the salinity loading increased (Fig. 1a) . When the salt concentration was lower than 10 g NaCl/L, the TOC removal by the saline-MBR was similar to that of the control. The results suggest that salinity build-up at low salt concentration (<10 g NaCl/L) may not pose a significant impact on the removal of organics by MBR. However, the TOC removal by the saline-MBR decreased to around 80% when the salinity was higher than 10 g NaCl/L. This decrease was probably due to the inhibitory effect of high salinity on the biomass, resulting in cell plasmolysis and/or loss of metabolic activity (Yogalakshmi and Joseph, 2010; Johir et al., 2013). Nevertheless, the removal efficiency recovered to approximately 99% when the salt concentration was maintained at 10 g NaCl/L for two weeks. The recovery could be attributed to the biomass adaptation to the high salinity condition (Hong et al., 2013) . Small variations in TOC removal by the saline-MBR were also observed during the increase of salinity loading from 10 to 16.5 g NaCl/L.
The removal behaviour of TN differed remarkably from TOC removal in response to salinity build-up (Fig. 1a) . [
FIGURE 1]
The removal of NH 4 + -N in MBR appeared more sensitive to salinity build-up (Fig. 1b) . Given Some adverse impact of salinity build-up on the removal of phosphate was also observed (Fig. 1b) . During the experimental period, phosphate removal by the control-MBR was in the range of 20-30%, which is in accordance with literature reports (Yogalakshmi and Joseph, 2010; Hong et al., 2013). Hong et al. (2013) concluded that the phosphorous accumulating organisms (PAOs) could utilize phosphorous for cell synthesis and energy transport, resulting in 10-30% of phosphate removal during biological treatment. However, no or little phosphate was removed in the saline-MBR with the NaCl concentration in the range of 4-15 g/L (Fig.   1b) . A low phosphate removal at elevated salinity was also observed by Uygur (2006) who suggested that the PAOs could lose phosphorous uptake capability under saline stress.
Additionally, the release of phosphorous from unmetabolized substances at high salinity could be another reason for the decreased phosphate removal (Lester and Birkett, 1999) .
Interestingly, the removal of phosphate by the saline-MBR increased and then was maintained at around 10% with stabilized salinity loading of 16.5 g NaCl/L (Fig. 1b) . This increase may be due to the utilization of phosphorous by halophilic bacteria under the hypesaline condition (Lay et al., 2010) . Microbial community analysis and/or specific tests for halophilic bacteria would be required to validate this hypothesis; however, that is beyond the scope of this study.
Biomass properties
Notable increases in the content of SMP (from 66 to 536 mg/L) and EPS (from 32 to 83 mg/g MLVSS) with increasing salinity loading were observed in the saline-MBR (Fig. 2) (Fig. 2a) . The decreased EPS content was probably because of the increased solubility of EPS fractions (e.g., protein and carbohydrate) at high salinity (Zhang et al., 2014) . Thus, a more dramatic increase in the SMP content was observed when the NaCl loading was stabilized at 16.5 g/L.
[FIGURE 2]
The SOUR of the biomass in the control-MBR was stable at approximately 2.8 mg O 2 /g MLVSS h during the experiment. However, a lower SOUR value (2-2.5 mg O 2 /g MLVSS h)
was observed in the saline-MBR with increasing the NaCl concentration ( Supplementary   Data, Fig. S2 ). This observation is consistent with previous studies (Lay et al., 2010) , confirming the adverse impact of salinity build-up on the microbial activity during biological treatment.
Membrane fouling propensity
The TMP profile of the control-MBR was low and stable during the experiment, while that of the saline-MBR increased markedly at enhanced salinity (Fig. 3) . 
[FIGURE 3]
Similar variations in SMP and TMP at elevated salinity were observed for the saline-MBR (Fig. 2a and 3 ). This observation is in line with previous studies where the strongly negative correlation between membrane permeability and SMP content has been widely demonstrated 
Trace organic chemical removal
General removal behaviour
It has been reported that the removal of TrOCs by MBRs could be assessed by a qualitative predictive framework based on their hydrophobicity and molecular structure (Tadkaew et al., 2011; Wijekoon et al., 2013). According to this scheme, the 31 TrOCs investigated here could be classified into hydrophobic (i.e., Log D pH 7 > 3) and hydrophilic (i.e., Log D pH 7 < 3) groups. All hydrophobic compounds in this study could be consistently removed over 90% by both control-and saline-MBRs with the exception of 17α-ethynylestradiol (Fig. 4 and 5) .
The high removal of these chemicals was probably due to their effective sorption onto the activated sludge, which could facilitate their biodegradation in some cases (Tadkaew et al., 2011). By contrast, the removal of hydrophilic compounds varied markedly in both MBR systems (Fig. 4) Table S1 ), certain chemicals (e.g. salicylic acid, ibuprofen enterolactone and pentachlorophenol) could be removed completely.
However, removal efficiency of less than 40% was observed for all TrOCs (i.e. clofibric acid, diclofenac, propoxur, carbamazepine, and atrazine) that are known to be persistent activated sludge treatment. This low removal efficiency can be attributed to either the absence of strong electron functional groups or the presence of strong electron withdrawing functional groups, such as chlorine, amide and nitro groups, in their molecular structures (Supplementary Data, Table S1 ).
[FIGURE 4] [FIGURE 5]
Impact of salinity build-up on TrOC removal
No discernible difference between the control-and saline-MBRs was observed with regard to the removal of all hydrophobic compounds with 17α-ethynylestradiol being the exception (Fig. 4) . The removal of 17α-ethynylestradiol by the saline-MBR decreased remarkably with the elevated salinity (Fig. 5) , which might be due to the inhibitory effects of high salinity on the microorganisms that specifically biodegrade 17α-ethynylestradiol.
Unlike the hydrophobic TrOCs, impacts of salinity build-up on the removal of hydrophilic TrOCs varied significantly (Fig. 4) . Of the 18 hydrophilic TrOCs selected here, consistent and high removal (above 90%) by both control-and saline-MBRs was observed for six compounds, namely, salicylic acid, ibuprofen, enterolactone, estriol, formonoetin and pentachlorophenol. The result is consistent with that reported by Tadkaew et al. (2013) who investigated the effect of salt shock load on the TrOC removal, suggesting that salinity buildup had negligible impact on the removal of these readily biodegradable chemicals during MBR treatment. The independence of these chemicals to the elevated salinity could also be evidenced by the small standard deviation of nine removal measurements in the saline-MBR at different NaCl loadings. By contrast, the removals of other hydrophilic compounds by the saline-MBR were lower than those by the control-MBR. A notable decrease in the removal of seven hydrophilic chemicals (i.e. metronidazole, fenoprop, ametryn, gemifibrozil, naproxen, ketoprofen and primidone) with increase in the NaCl concentration was observed in the saline-MBR (Fig. 5) . The salt-dependent removals of these chemicals could also explain their relatively large standard deviation (20-40%) observed in Fig. 4 , which confirmed that the disrupted metabolic activity at elevated salinity could be responsible for the reduced removals of these chemicals.
Impact of salinity build-up on TrOC adsorption on sludge
Various levels of TrOC adsorption onto the sludge were observed in the control-MBR (Fig.   6 ). Generally, the concentrations of hydrophilic TrOCs in the sludge phase were relatively low with four chemicals (i.e. fenoprop, amitriptyline, pentachlorophenol and ametryn) being the exceptions (Fig. 6a) . The low accumulation of hydrophilic compounds in the sludge phase has been reported by Wijekoon et al. (2013) . By contrast, the relatively high concentrations of these four chemicals in the biosolids were due to their moderate hydrophobicity and/or less biodegradability. Of all hydrophilic TrOCs selected, amitriptyline exhibited the highest concentration in the sludge phase. Such a marked accumulation in the biosolids could be attributed to the combined hydrophobic and electrostatic interactions between amitriptyline and the activated sludge (Stevens-Garmon et al., 2011). Interestingly, the residual concentration of most hydrophobic TrOCs (e.g. oxybenzone, 17α-ethynylestradiol and 17β-estradiol) was low in the sludge phase (Fig. 6b) . This observation is also in line with Wijekoon et al. (2013) who attributed the low residual concentrations of these hydrophobic compounds to their high biodegradability.
[FIGURE 6]
Salinity build-up had negligible impact on residual accumulation of TrOCs in the sludge phase except for a few chemicals (i.e. salicylic acid, ketoprofen, naproxen, primidone, ibuprofen, propoxur, diclofenac, gemfibrozil, and 17α-ethynylestradiol) (Fig. 6 ). The concentration of these chemicals in the biosolids increased at high salinity, which correlated well to the decrease of their overall removals with the increasing NaCl concentration (Fig. 4 and 5). It has been reported that biodegradation and hydrophobicity are two important factors responsible for the adsorption of TrOCs onto the sludge (Wijekoon et al., 2013) . Thus, the increased accumulation of these chemicals in the sludge phase could result from the disrupted biodegradation at elevated salinity. It is also noteworthy that the hydrophobicity of the activated sludge gradually increased with increasing the NaCl loading (Supplementary Data, Fig. S4 ). Thus, the high hydrophobic interaction between these chemicals and the activated sludge at elevated salinity could be another reason for the increase in their concentration in the biosolids.
Conclusion
Results reported in this study indicate that salinity build-up in MBRs could adversely affect the microbial activity and thus lower the system performance regarding the removal of nutrients, organic matters, and some hydrophilic TrOCs. However, the removal of hydrophobic TrOCs in MBR was not affected by salinity build-up. Similarly, salinity increase did not significantly affect the residual accumulation of TrOCs in the sludge phase. In addition, the concentrations of both SMP and EPS in MBR increased at elevated salinity condition, which could result in severe membrane fouling. . Thus, the model salt concentration in OMBR at steady state was 16.5 g NaCl/L. 
